Correspondence james.m.neenan@gmail.com
In Brief
Neenan et al. quantify endosseous labyrinth shape across a group of extinct marine reptiles called Sauropterygia. They find distinctly different labyrinth proportions depending on locomotory mode. Importantly, independent radiations of short-necked plesiosaurs with whale-like body proportions have miniaturized labyrinths, much like extant cetaceans.
SUMMARY
Sauropterygia, a successful clade of marine reptiles abundant in aquatic ecosystems of the Mesozoic, inhabited nearshore to pelagic habitats over >180 million years of evolutionary history [1] . Aquatic vertebrates experience strong buoyancy forces that allow movement in a three-dimensional environment, resulting in structural convergences such as flippers and fish-like bauplans [2, 3] , as well as convergences in the sensory systems. We used computed tomographic scans of 19 sauropterygian species to determine how the transition to pelagic lifestyles influenced the evolution of the endosseous labyrinth, which houses the vestibular sensory organ of balance and orientation [4] . Semicircular canal geometries underwent distinct changes during the transition from nearshore Triassic sauropterygians to the later, pelagic plesiosaurs. Triassic sauropterygians have dorsoventrally compact, anteroposteriorly elongate labyrinths, resembling those of crocodylians. In contrast, plesiosaurs have compact, bulbous labyrinths, sharing some features with those of sea turtles. Differences in relative labyrinth size among sauropterygians correspond to locomotory differences: bottom-walking [5, 6] placodonts have proportionally larger labyrinths than actively swimming taxa (i.e., all other sauropterygians). Furthermore, independent evolutionary origins of short-necked, large-headed ''pliosauromorph'' body proportions among plesiosaurs coincide with reductions of labyrinth size, paralleling the evolutionary history of cetaceans [7] . Sauropterygian labyrinth evolution is therefore correlated closely with both locomotory style and body proportions, and these changes are consistent with isolated observations made previously in other marine tetrapods. Our study presents the first virtual reconstructions of plesiosaur endosseous labyrinths and the first large-scale, quantitative study detailing the effects of increasingly aquatic lifestyles on labyrinth morphology among marine reptiles.
RESULTS
Key ecomorphological hypotheses posit that the geometry of the semicircular canals is fine-tuned to respond to specific sensory inputs imposed by environment, behavior, and locomotion (e.g., [8] [9] [10] ). We find that Triassic (nearshore; see Figure S1 for definitions) sauropterygians have labyrinths similar to the generalized reptilian morphology [11] (Figures 1 and 2 ; Figure S2 ; Table S1 ) and are anteroposteriorly long with gracile semicircular canals and a narrow crus communis, the dorsal extent of which is embayed in a distinct ''M'' shape by the medial portions of the anterior and posterior canals. The anterior canal extends higher dorsally and further anteriorly relative to the posterior canal (and is thus longer in total). The horizontal canal is relatively straight and does not bow out far laterally. The posterior canal is highly sinusoidal (deviating from planarity) in the Triassic Placodus and Nothosaurus and is somewhat sinusoidal in Augustasaurus.
In contrast, plesiosaurs (Figures 1 and 2 ; Figures S2 and S3) have a more compact, bulbous labyrinth, with a wider crus communis, semicircular canals that are more elliptical in lateral view, shorter, wider in cross-sectional diameter, and lack sinusoidal curvature. The anterior and posterior vertical canals are subequal in both height and total length, and the horizontal canal bows out laterally. The larger cross-sectional diameters of plesiosaurian semicircular canals could result from increases in the diameters of the endosseous canals due to relaxed ossification (i.e., with no underlying change in the membranous labyrinth). However, other differences between plesiosaur and non-plesiosaur labyrinths cannot be explained this way because they involve changes in the aspect ratios and relative arc lengths of individual canals that could not easily be accommodated by purely increasing the diameters of the endosseous canals.
Principal-component analysis of 3D landmarks on the semicircular canals (STAR Methods) show that much of the shape variation in sauropterygian labyrinths is explained by the differences between the nearshore Triassic sauropterygians and pelagic plesiosaurs described above. Our first principal-components axis (PC1) separates these two groups and explains 37.1% of total shape variance ( Figure 2 ). This shows that the labyrinth changed substantially during the evolution of pelagic lifestyles. PC2 explains 16.8% of shape variance ( Figure 2A ) and predominantly describes variation in the aspect ratio of the labyrinth (dorsoventral height: anteroposterior length). The elasmosaurid plesiosaur Callawayasaurus has a high negative PC2 score, indicating a proportionally tall labyrinth. This is evident from the portion preserved in UCMP V-38349 ( Figure S2H) , showing that the PC2 score of Callawayasaurus does not result from our use of a composite reconstruction for this taxon. In contrast, our other elasmosaurid, Libonectes has a high positive PC2 score and a proportionally low labyrinth. PC3 is the only axis to show statistically significant (phylogenetic regression) or marginally significant (ordinary least-squares regression) correlation with labyrinth centroid size and explains at best a low proportion of variance in PC3 (34%, phylogenetic regression; Table S2 ), which itself describes only 12.2% of shape variance. This suggests only a limited role for allometry in determining shape variance among the labyrinths of sauropterygians (Table S2 ). PC3 also Table S1. describes changes in the geometry of the horizontal canal, with negative values indicating a shorter, more posteriorly positioned horizontal canal, while positive values have a longer horizontal canal with a more anterior projection.
Labyrinth size correlates positively with skull length in Sauropterygia ( Figure 3 ), exhibiting negative allometry with coefficients ranging from 0.46 to 0.80 across 100 phylogenies among regression models with non-negligible AICc (Akaike's information criterion for finite sample sizes) weights (STAR Methods). The best model according to AICc across all phylogenies includes only skull length as an explanation of labyrinth size (Table S3 ; AICc weight = 0.64). Head size is the most appropriate comparative measure of size because sensory inputs from the labyrinth are specifically involved in head stabilization [12, 13] . However, a low R 2 value (= 0.27) indicates considerable unexplained variance in this model. Two other models have non-negligible AICc weights (at least 10% that of the best model), indicating that they cannot be rejected based on current data. Both models include other variables in addition to skull length, and AICc is a highly conservative test of model support given small sample size [14] . These models include categorical variables to code the presence of swimming (as opposed to bottom walking in placodonts [see STAR Methods]; AICc weight = 0.15) or to code the presence of both swimming and pliosauromorph body proportions, comprising a large head and short neck (AICc weight = 0.08) (Table S3 ). Our third model (Table S3 ) explains greater variance than the others (R 2 = 0.37) and encapsulates the hypothesis that sauropterygian labyrinth size is determined by skull size, the presence of swimming, and the presence of short necks, for which all coefficients have statistically significant values. These coefficients indicate that bottom-walking placodonts have proportionally larger labyrinths than other, swimming, taxa and that short-necked plesiosaurs (thalassophonean pliosaurids and polycotylids) have proportionally reduced labyrinth sizes ( Figure 3 ). The relatively weaker AICc weight of this model compared to others encourages caution in making strong, process-based interpretations of its parameters.
DISCUSSION
We find evidence for smaller labyrinth sizes in all predominantly swimming sauropterygians compared to those of placodonts. Among swimmers, ''pliosauromorph'' plesiosaurs (i.e., those with short necks; [15] ) have particularly small labyrinths in proportion to head size ( Figure 3 ). Although labyrinth size did not change during the transition from nearshore sauropterygians, such as nothosaurs, to pelagic sauropterygians (i.e., plesiosaurs), large changes in labyrinth shape did occur. The timing of shape changes is therefore decoupled from the occurrence of size changes (Figure 1 ), and we suggest that they reflect a response to novel sensory inputs that result from the unique and enigmatic four-flippered underwater flight of plesiosaurs [16] [17] [18] [19] [20] [21] . The geometry of the plesiosaur labyrinth is distinct not only from that of Triassic sauropterygians (Figure 1 ) but also from other nearshore/semi-aquatic marine reptiles, including most extant marine reptiles (Figure 4) . Considering the relatively small differences between the labyrinths of extant reptiles and those of Triassic sauropterygians [11] , this suggests that adaptation from nearshore/semi-aquatic to pelagic life involved a more radical transformation of the vestibular organ than that involved in adaptation to nearshore or semi-aquatic habitats. Among amniotes, chelonioids (sea turtles) and cetaceans, as well as the extinct thunnosaurian ichthyosaurs (and possibly mosasaurs), also Tables S1 and S2. obtained a similar grade of pelagic adaptation to that seen in plesiosaurs [1] (Figure S1 ). However, of these, little is known of ichthyosaur labyrinth morphology, and the labyrinth of cetaceans is fundamentally different in structure to that of plesiosaurs, resembling those of other mammals (Figure 4 ), albeit with a highly reduced relative canal size [7, 29, 30] . This, and the observation that penguin labyrinths are most similar to those of other birds [31] (Figure 4G ), suggests that ancestry can constrain the geometry of the amniote labyrinth, despite the expectation that similar functional inputs should result from a secondarily aquatic lifestyle.
Nevertheless, within reptiles (other than birds), striking similarities are evident between the geometries of some sauropterygian labyrinths and those of other groups. Nearshore (Triassic) sauropterygians exhibit long, narrow semicircular canals, a narrow crus communis, a taller anterior canal, and a general rounded or pyramidal shape in lateral view that creates an M-shaped outline (Figure 1 ). An extremely similar morphology is present in aquatic and semi-aquatic members of the crocodylian total group (Pseudosuchia), including phytosaurs [23] , thalattosuchians [24, 25] , and modern crocodylians such as Alligator and Crocodylus [25, 31, 32] (Figure 4) . Shared features are also present in freshwater aquatic turtles and marine squamates (Figure 4) . These features may be common to shallow-water aquatic reptiles in general [31] , most of which rely on lateral undulation of the trunk and tail to generate propulsion under water. The labyrinths of obligate aquatic plesiosaurs depart substantially from this condition and share many (but not all) features with another group that uses predominantly limb-driven underwater flight in combination with a rigid trunk: sea turtles. Both plesiosaurs and sea turtles exhibit shorter semicircular canals with wider cross-sectional diameters, anterior and posterior canals that are roughly equal in height, and a wide crus communis [33] (Figure 4) . Therefore, our observations indicate that convergent evolution of aquatic and subsequently pelagic habits has produced similar labyrinth morphologies in independent evolutionary lineages at least in non-avian reptiles.
Despite conspicuous differences between the labyrinths of reptiles and mammals, some functional signals might still be shared between these phylogenetically distant groups during Table S1. adaptation to aquatic life. In particular, the anterior semicircular canal of nearshore sauropterygians is always higher and longer than the posterior one, which is similar to the condition generally seen in mammals (including cetaceans, and also terrestrial species), and has been linked to sensitivity to pitch movements [8, 10, 22] .
Similar evolutionary patterns of labyrinth size variation are also seen in both plesiosaurs and cetaceans. Plesiosaurs independently evolved large-headed, short-necked, cetacean-like body proportions at least twice during their evolutionary history [15] : in both cases, this correlates with proportional miniaturization of the labyrinth (Figure 3) . Extant cetaceans also have these body proportions and have proportionally miniaturized labyrinths [7, 29] . Previously, it was not clear whether labyrinth miniaturization in cetaceans resulted from adaptation to pelagic life or from proportional neck reduction. Because pelagic sauroptergyians (= plesiosaurs) with elongate or intermediate-length necks do not have miniaturized labyrinths, it seems likely that labyrinth miniaturization results from neck reduction in pelagic animals and not strictly from pelagic adaptation alone. Functional interpretation of this pattern remains challenging. Dramatic shortening of the cervical series may decrease the need for reflex stabilization of the head with the cervical musculature (vestibulo-collic reflex [34] ). It is possible that the reduced arcs of cetacean and short-necked plesiosaur semicircular canals had reduced sensitivities, counteracting the increased levels of uncompensated angular motion due to the lack of neck stabilization [7, 35] . However, Kandel and Hullar [30] found cetacean (the bottlenose dolphin, Tursiops) head accelerations are similar to those of terrestrial mammals (Bos), challenging the assumption that neck shortening results in changes to habitual head accelerations. It has been proposed in cetaceans that the vestibulo-ocular reflex of the eye muscles, which is mediated by vestibular sensory inputs and informs gaze stabilization during head movement [34] , may have been partially replaced by enhanced sensitivity to the sound of water passing the external ear or the sensation of water passing over the skin [30, 36] . However, it is difficult for this cetacean-specific hypothesis to also explain the parallel reductions of labyrinth size in short-necked plesiosaurs.
In conclusion, we introduce the first virtual reconstructions of plesiosaur endosseous labyrinths and examine the effects of aquatic specialization on labyrinth geometry in reptiles. We show that early sauropterygians, living in nearshore waters, have a crocodylian-like morphology, including some plesiomorphies that are widely present among reptiles [11] . In contrast, derived, pelagic plesiosaurs have highly modified labyrinths somewhat similar to those of sea turtles. Independent origins of short necks and large heads among plesiosaurs resulted in cetacean-like body proportions, and these taxa show convergent evolutionary reductions in labyrinth size, similar to that in cetaceans. Our results show that endosseous labyrinth morphology can be affected greatly by both swimming mode (bottomwalking/jointed limbs versus flippered swimming) and variation in mechanical inputs due to proportional changes in neck length (pliosauromorph plesiosaurs versus other plesiosaurs).
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: closed rings, whereas landmark sets on the external surfaces were treated as open-ended. Procrustes superimposition was applied to remove the effects of scale, orientation, and the arbitrary spacing of semilandmarks, followed by principal component analysis (PCA) to produce a set of geometric variables describing deformations of the labyrinths compared to their mean geometry (shape) [55] . We tested the relationship of major shape variations (PC axes) to body size (i.e., allometry) using the regression approach described above, and to clade membership by visualization of ordinations (Figure 2 ; Table S2 ).
DATA AND SOFTWARE AVAILABILITY
The data for all 13 endosseous labyrinth models have been deposited in MorphoMuseuM (http://morphomuseum.com) at the following https://doi.org/10.18563/journal.m3.62.
